The influence of sediment bioreduction and reoxidation on U(VI) sorption was studied using Fe(III) oxide-containing saprolite from the U.S. Department of Energy (DOE) Oak Ridge site. Bioreduced sediments were generated by anoxic incubation with a metal-reducing bacterium, Shewanella putrefaciens strain CN32, supplied with lactate as an electron donor. The reduced sediments were subsequently reoxidized by air contact. U(VI) sorption was studied in Na-NO 3 -HCO 3 electrolytes that were both closed and open to atmosphere and where pH, U(VI), and carbonate concentration were varied. Mössbauer spectroscopy and chemical analyses showed that 50% of the Fe(III)-oxides were reduced to Fe(II) that was sorbed to the sediment during incubation with CN32. However, this reduction and subsequent reoxidation of the sorbed Fe(II) had negligible influence on the rate and extent of U sorption or the extractability of sorbed U by 0.2 mol/L NaHCO 3 . Various results indicated that U(VI) surface complexation was the primary process responsible for uranyl sorption by the bioreduced and reoxidized sediments. A two-site, nonelectrostatic surface complexation model best described U(VI) adsorption under variable pH, carbonate, and U(VI) conditions. A ferrihydrite-based diffuse double layer model provided a better estimation of U(VI) adsorption without parameter adjustment than did a goethite-based model, even though a majority of the Fe(III)-oxides in the sediments were goethite. Our results highlight the complexity of the coupled U-Fe redox system and show that sorbed Fe(II) is not a universal reductant for U(VI) as commonly assumed.
Introduction
The geochemical behavior of uranium (U), including its reactive transport geochemistry, is a concern in many subsurface environments, especially those influenced by U mining and nuclear materials production (1, 2). Various reactions control the subsurface mobility of uranium including U(VI) adsorption to mineral phases; precipitation of U(VI) phosphates, silicates, carbonates, and oxides; U(VI)-U(IV) valence transformations; and the precipitation of highly insoluble U(IV) oxides such as uraninite. Understanding these complex reaction series and their effect on uranium mobility is critical to enabling scientifically credible risk assessments and the development of sound remedial technologies for containment and contaminant abatement. U(VI) is adsorbed to hydroxylated surfaces of Al(III), Fe-(III), and Si(IV) oxides (e.g., 3, 4-8, 9 ) and phyllosilicate edges (10) (11) (12) and to fixed charge sites on phyllosilicates at intermediate and low pH, and low ionic strength (10) (11) (12) . Carbonate complexation has a major effect on U(VI) adsorption at and above circumneutral pH through formation of anionic bis-and tris-carbonate complexes (6, 13, 14) . U(VI) adsorption is often described using equilibrium surface complexation (e.g., 10, 11, [14] [15] [16] [17] and ion-exchange models (10, 11) . Modeling of U(VI) adsorption to natural sediments is complicated because of the multiplicity of mineral adsorption sites and difficulty in their unambiguous identification and characterization. Recent studies have shown that U(VI) adsorption to Fe(III)-oxide containing sediments can be described by an electrostatic model based on a single ferrihydrite component (18) (19) (20) or nonelectrostatic surface complexation model with generic site reactions (14, 20, 21) .
Under anoxic conditions, U(VI) can be enzymatically reduced to U(IV) by metal-reducing bacteria (e.g., 22, 23) . This process yields an insoluble precipitate of nanometersized uraninite [U(IV)O2] that immobilizes U from groundwater. The stimulation of metal-reducing bacteria and the consequent microbial immobilization of contaminant metals including U(VI), Tc(VII), and Cr(VI) has been proposed as a potential containment technology (www.lbl.gov/NABIR) to scavenge these mobile contaminants from groundwater.
Many metal-reducing bacteria use solid-phase iron (e.g., 24, 25) and manganese oxides (e.g., 26, 27) as electron acceptors, inducing reductive dissolution and the evolution of Fe 2+ (aq) and Mn 2+ (aq). The bioreduction of Fe(III) oxides and other Fe(III)-containing minerals generates sorbed Fe-(II) that may function as a reductant for Cr(VI) (28) , Tc(VII) (29) , and possibly U(VI) (30) . The natural or stimulated activity of metal-reducing bacteria can alter the distribution and surface chemistry of redox sensitive minerals such as iron oxides in sediments and may change various aspects of uranyl reactive transport chemistry including the nature, rate, and extent of adsorption, precipitation, and redox reactions. Sediment bioreduction may also complicate the U(VI) adsorption process by the redox interactions between U(VI) and various Fe(II) forms in the reduced sediments. U(VI) can be reduced by Fe(II) sorbed on hematite nanoparticles (30) or Fe(II)-containing minerals including nanocrystalline magnetite (31) and pyrite (32) . On the other hand, Mn(III)/ (IV) oxides that may persist in sediments in a state of redox disequilibria may oxidize U(IV) to U(VI) (27, 33) and further complicate the U(VI) reaction network. The mobility of U(VI) in natural sediments will be controlled in complex ways by these various competitive processes.
In this study, we investigate the influence of bioreduction and reoxidation on U sorption by a saprolitic sediment that contains Fe(III) and Mn(IV) oxides and a significant phyllosilicate component (vermiculite and illite). The relative importance of U(VI) adsorption to mineral surfaces and its reduction by sorbed biogenic Fe(II) is specifically evaluated. The applicability of several surface complexation models was tested for describing the U(VI) adsorption process that was strong in all of the mineralogically complex sediments studied. Valley on the Oak Ridge Site in eastern Tennessee. A nearby U(VI) plume exists in these same sediment types and pilot experiments are being implemented in field at this location to investigate the microbial immobilization of groundwater U(VI). The sediments were composited from several distinct strata of a shale-limestone saprolite.
Experimental Section
The subsurface materials were air-dried and passed through a 2-mm sieve before use. Surface area was measured by multipoint N2(g) adsorption with BET analyses. Extractable oxides were determined using acidic ammonium oxalate (AAO) for poorly crystalline Fe(III) oxides (34, 35) and dithionite-citrate-bicarbonate (DCB) treatment for extraction of reducible Fe(III) oxides (36) . The mineralogical properties of the sediments have been reported elsewhere (29) and are selectively listed in Table 1. A dissimilatory metal-reducing bacterium (DMRB), Shewanella putrefaciens strain CN32, was used to reduce the sediments. The cell culturing, harvesting, and washing processes are described elsewhere (37) . Briefly, CN32 was routinely cultured aerobically in tryptic soy broth (TSB), harvested from TSB cultures at mid to late log phase by centrifugation, and washed twice with 30 mmol/L PIPES pH buffer and once with pH 7 bicarbonate buffer to remove residual media. The cells were suspended in bicarbonate buffer (20 mmol/L HCO3) and purged with O2-free N2 for sediment reduction.
Sediment Reduction and Reoxidation. Bioreduced sediments were generated by incubating 1 g (dry weight) sediment in 10 mL of 20 mmol/L bicarbonate buffer at pH 7 with (7-9) × 10 7 cells/mL of S. putrefaciens CN32, 10 mmol/L sodium lactate as electron donor, and a headspace of N2:CO2 (80:20). The incubation was performed at 30°C on an orbital shaker (25 rpm). After 60 days of incubation, the sediments in the sealed bottles were pasteurized by heating the bottles in a water bath at 80°C for 1 h and then frozen at -20°C until use. Viable cells of CN32 in the reduced sediments were not detected by growth on TSB agar plates following pasteurization. A recent study showed that all Mn oxides in the bioreduced FRC saprolite were reduced after 60 days of incubation and the bioreduced FRC sediments were able to reduce Tc(VII) (29) .
Bioreduced-reoxidized sediments were prepared by bubbling air through suspensions of bioreduced sediments for 24 h in 0.1 mmol/L NaHCO3 solutions. The reoxidized sediments were collected by centrifugation (5000 rcf for 20 min) and air-dried for 7 days at room temperature.
Chemically treated sediments were also prepared to study U(VI) sorption to the phyllosilicate fraction in the sediments. The chemical treatments were performed under anaerobic conditions in 250 mL Nalgene centrifuge bottles (Nalge company, Rochester, NY) in which 18 g (dry weight) of the FRC sediments were reacted with a reductant solution (DCB: 0.1 mol/L NaS 2O4, 0.3 mol/L Na-citrate, and 0.1 mol/L NaHCO3) for 24 h on an orbital shaker (25 rpm) at room temperature. After phase separation by centrifugation (5000 rcf for 20 min) and removal of supernatants, the treated sediments were reacted with the reductant solution for a second time under the same conditions. The sediments were collected after the second extraction by centrifugation and washed four times with 0.1 mmol/L NaHCO 3 solution to remove residual DCB. No dithionite was detected by UVadsorption spectroscopy at 315 nm in the fourth washed solution.
Mo 1 ssbauer Spectroscopy. Sediment samples for Möss-bauer spectroscopy were prepared by filtration followed by washing with acetone and drying. The dried sediment (100-200 mg) was mixed with petroleum jelly and sealed in a 0.5-or 2/3-in. thick and 0.5-in. i.d. Cu holder. The reduced sediments were handled and stored in an anaerobic chamber. Mössbauer spectra were collected at liquid nitrogen temperature (77 K) using a -50 mCi (1.85 GBq) (initial strength) 57Co/Rh source. The spectra were folded and evaluated with the Recoil program (University of Ottawa, Canada) using a Voigt-based hyperfine parameter distribution method.
Sorption Kinetics. Time-dependent U(VI) sorption was studied in 0.1 mol/L NaNO 3 electrolyte with 0.1 mmol/L NaHCO3 at a solid/solution ratio of 25 g/L in an anaerobic chamber (Forma Scientific, Marietta, OH) filled with N2 and equipped with a palladium catalytic system for O2 treatment. Dry samples of the sediments were used except for the reduced sediments. Moist, bioreduced sediment was used to avoid mineral changes during drying. The water content of the moist sediments was considered in achieving the desired solid/solution ratio. The sediments and stock solutions of uranyl nitrate, sodium bicarbonate, and electrolyte were added to 125-mL bottles to yield 80 mL of suspension with the desired uranyl, electrolyte, and bicarbonate concentrations. The suspensions exhibited pH of 7.0 ( 0.3 and were equilibrated in a rotating mixer (10 rpm). Suspension aliquots (1 mL) were collected into 10-mL centrifuge tubes at selected times and centrifuged (5000 rcf for 20 min) for phase separation. Pretesting using the pristine sediment spiked with U(VI) indicated that the phase separation scheme provided aqueous samples with composition equivalent to filtration through a 0.1-µm filter. The aqueous U(VI) concentration was analyzed with a Kinetic Phosphorescence Analyzer (KPA) (Chemchek Instrument Inc., Richland, WA). The detection limit of U(VI) with KPA was 4.9 ng/L. All standards and samples were prepared in 0.1 mol/L HNO 3 to provide a consistent sample matrix (38) .
Equilibrium Sorption. Equilibrium sorption was studied as a function of pH, U(VI), and carbonate concentrations at a solid/solution ratio of 25 g/L. Sediments (0.25 g dry equivalent) were weighed into 15-mL Falcon centrifuge tubes and mixed with NaNO3 (10 mL) to yield final electrolyte concentrations of 0.001 and 0.1 mol/L. The suspensions were adjusted to desired pH values with HNO3 or NaOH before addition of uranyl and NaHCO3 solutions. The tubes were capped during the experiments and the suspensions were The total Mn and Fe were determined by X-ray fluorescence. The CEC was determined by 22 Na isotopic exchange (57) . DCB-extractable Fe was operationally defined as the oxide Fe(III). The difference between the total Fe and DCB-exactable Fe was defined as the silicate Fe.
equilibrated for 48 h for the pristine, bioreduced, and bioreduced-reoxidized sediments and 120 h for DCB-treated sediments on the basis of the results of the kinetic sorption experiments. After equilibration on a rotating mixer (10 rpm) in the anaerobic chamber, the suspension tubes were centrifuged (5000 rcf for 20 min) and the supernatants were sampled for pH and U(VI) measurements. The measured pH was recorded as the equilibrium pH, and U sorption was calculated from the difference in UToT and equilibrium U(VI)(aq) concentration. For selected samples, aqueous and sediment associated Fe(II) (by 0.5 mol/L HCl extraction) was measured using the Ferrozine method (39) . Controls without U(VI) addition were also performed under the same conditions to measure aqueous and sediment associated Fe(II) as a function of pH. All of the above experiments were equilibrated in a closed system without atmospheric contact. As a comparison, U sorption to the pristine sediment was also performed under aerobic conditions in equilibrium with atmospheric CO2.
U(VI) Desorption by Carbonate. U(VI) (26 µmol/L) was first sorbed to the sediments using the equilibrium procedures described above in 0.1 mol/L NaNO3 and 0.1 mmol/L NaHCO3 in the anaerobic chamber. The suspension pH was adjusted to the values that would yield pH values of 7.0 or 9.5 after equilibrium. After 24 or 168 h of sorption equilibration, the suspension pH was measured; these were then spiked with a concentrated (1 mol/L) NaHCO3 solution that was anaerobically prepared to attain a final carbonate concentration of 0.2 mol/L. The measured pH values at the end of sorption equilibration were 7.2 ( 0.2 and 9.4 ( 0.2 in all solutions whose target pH was either 7.0 and 9.5, respectively. After an additional 1 or 30 h of equilibration to allow desorption, the suspensions were centrifuged and the U(VI) in the supernatants was analyzed as described previously.
U(VI) desorption from the DCB-treated sediments was measured as a function of sorption time in sediment suspensions (25 g/L) containing 0.1 mol/L NaNO3, 0.1 mmol/L NaHCO3, and 26 µmol/L U(VI). DCB-treated sediments were further treated by (i) spiking with FeCl2 to yield a final spiked Fe(II) concentration of 0.1 or 1 mmol/L; (ii) 0.5 mol/L HCl extraction for 1 h to remove Fe(II); or (iii) 0.5 mol/L HCl extraction followed by reoxidation in 0.1 mmol/L NaHCO3 were also used to investigate the effects of Fe(II) on uranium sorption and extractability. After variable periods of U sorption, the DCB-treated sediment suspensions were measured for pH and spiked with 1 mol/L NaHCO3 to obtain a final concentration of 0.2 mol/L. The suspensions were equilibrated for 30 h for desorption, after which they were centrifuged, sampled, and analyzed as described previously.
Modeling. FITEQL (40) was used to calculate U(VI) aqueous speciation and surface complexation. The aqueous speciation reactions used in the calculations are given in Table S1 in Supporting Information. Both electrostatic and nonelectrostatic surface complexation models were evaluated for their ability to describe U sorption in the pristine, bioreduced, and reoxidized sediments. The models used in this study include those formulated on the basis of ferrihydrite (15) and goethite (16) and a generic two-site model (18, 20) .
Results and Discussion
Sediment Properties. The FRC sediments were clay-rich saprolite consisting of sand-and silt-sized aggregates of finer grained materials including quartz, mica, vermiculite, and illite (29) . The sediments contained crystalline Fe(III) (hydr)-oxides that were extractable by DCB but not by AAO and significant amounts of silicate Fe (68%) ( Table 1 ). The central doublet near 0 mm/s and singlet at 2.5 mm/s represent the Mössbauer spectra of Fe(III) and Fe(II), respectively, in the phyllosilicate fraction of the pristine FRC saprolite ( Figure  1a) . The peaks at -7.5, -3.8, 1.8, 4.6, and 7.9 mm/s corresponded well with five of the six, sextet peaks of small particle size or Al substituted goethite (R-FeOOH) (29) . The peak at -8.5 mm/s indicated the presence of a small amount of hematite. Poorly crystallized iron oxides were negligible in the sediments as indicated by the Mössbauer spectra ( Figure 1a ) that showed no change with AAO extraction (34, 35) . Evaluation of the sediment using transmission electron microscopy (TEM) revealed the abundant presence of goethite aggregates of 100-200 nm acicular crystallites in the matrix of phyllosilicates (29) .
Incubation of the sediment with lactate and CN32 generated Fe(II) and led to about 50% reduction in the Mössbauer spectral area of goethite (Figure 1a and 1b) . Silicate Fe(III) was partially (about 20%) reduced to Fe(II) as indicated by the increased Fe(II) spectral area and the decreased spectral area of the central Fe(III) doublet (Figure 1b) . Reoxidation of the bioreduced sediments produced a small decrease in the Fe(II) silicate peak at 2.5 mm/s but had little effect on the goethite spectral area (Figure 1b) . The extraction of the reoxidized sediments by AAO, however, unexpectedly removed a significant fraction of goethite, as shown by a reduction in its peak intensity (Figure 1b) . The result contrasted with the lack of effect of AAO extraction with the pristine sediments (Figure 1a ). This observation may suggest that the goethite structure was weakened by bioreduction or that goethite dissolution during the AAO extraction was promoted by residual Fe(II) that was somehow resistant to reoxidation (41) . The mechanism of this effect is unclear and is currently under continued investigation.
DCB-treatment removed 32% of Fe from the sediment (Table 1) and eliminated the Mössbauer peaks due to goethite and hematite (Figure 1c) . The Fe(III) in the phyllosilicates was partially reduced by DCB treatment as indicated by the spectral area increase of the peak at 2.8 mm/s relative to the doublet at 0 mm/s (Figure 1c) .
Microbial reduction produced 0.14 mmol/g of sedimentassociated Fe(II) that was extractable with 0.5 mol/L HCl. A fraction of the biogenic Fe(II) was desorbable below pH 7 in 0.1 mol/L NaNO3 and 0.1 mmol/L NaHCO3 solution ( Figure  2) , and desorption extent increased with decreasing pH. The highest desorbed Fe(II) concentration was 0.05 mmol/g at pH 4. Above pH 7, all Fe(II) was associated with the solid phase. The Fe(II) desorption profile (Figure 2 ) was similar to that observed for Fe(II) sorption to goethite (30) and Cd 2+ sorption to amphoteric phyllosilicate edge sites (42), suggesting that Fe(II) existed as a surface complex in the bioreduced sediments. Fe(II) was not detected in the 0.5 mol/L HCl extracts of the pristine and bioreduced-reoxidized sediments.
U(VI) Sorption Kinetics. Uranyl was rapidly sorbed by the pristine and treated sediments (Figure. S1 in Supporting Information). The aqueous U(VI) concentration decreased by over 90% within the first hour of contact. The kinetic sorption profiles were almost identical for the pristine, bioreduced, and reoxidized sediments. U(VI) was sorbed less to the DCB-treated sediment than to the others. There was little change in aqueous concentration after the initial rapid sorption event.
Both U(VI) adsorption and reduction with U(IV) precipitation could contribute to the rapid decrease in aqueous U(VI) concentration ( Figure S1 ). The similar kinetic profiles for sorption in all the sediments regardless of treatment suggested that U(VI) adsorption, rather than U(IV) precipitation, was the primary sorption reaction. This hypothesis was further tested using desorption experiments.
U(VI) Desorption by Carbonate. Carbonate solutions are often used to extract U(VI) from sediments (e.g., 21, 43, [44] [45] [46] . Concentrated carbonate does not extract inorganic U(IV) phases such as UO2 (uraninite) (47) . A 0.2 mol/L carbonate solution was used here to evaluate whether reductive precipitation of U(IV) occurred in the bioreduced sediment. Pretests using the pristine sediments showed that the extraction efficiency for U(VI) increased with increasing carbonate concentration and became a constant above 0.1 mol/L.
The solution of 0.2 mol/L NaHCO3 extracted 70-100% (average 84 ( 8%) of sorbed uranium that resulted from 24 and 168 h of equilibration (Figure 3a) . U extractability from the pristine, bioreduced, and bioreduced-reoxidized sediments was generally the same, suggesting that the sediment redox state had minimal influence on the sorption reaction. The extraction duration and sorption pH had only minor influence on the extent of U desorption. Desorbed U increased slightly with extraction time at pH 7.2 and 9.4 and decreased slightly with sorption equilibration time at pH 7.2 in the pristine and bioreduced-reoxidized sediments.
U(VI) extraction by concentrated aqueous carbonate is an operational measurement of sorbed U(VI) (adsorbed or precipitated) (21, (43) (44) (45) . This approach has been used to quantify the U(VI) reduction by Fe(II) sorbed on the hematite surface (30) (i.e., reduced U(IV) is not extractable). The high extractability of sorbed U in our experiments indicated that it existed primarily as sorbed U(VI). The greatest decrease in U extractability with equilibration time was noted in the 30-h carbonate extraction of the DCB-treated sediment ( Figure  3b ). DCB treatment removes grain coating/cementing Fe-(III) and Mn(III/IV) oxides (e.g., Table 1 ) and enhances the access of U to phyllosilicate edges and interlayers. The similar profiles of U(VI) extractability from Fe(II)-spiked and Fe-(II)-extracted DCB-treated sediments implied that U(VI) adsorption irreversibility rather than reduction caused the decreasing U(VI) extractability with equilibration time. (Figure 4) . High affinity type isotherms were observed that displayed surface saturation values ranging from 10 to 40 µmol/g. Sorption extent to the pristine, bioreduced, and bioreduced-reoxidized sediments was virtually identical, indicating that sediment bioreduction and reoxidation had minimal effects on U sorption. In contrast, U sorption to the DCB-treated sediment was lower than all others when total spiked U(VI) was more than 1 µmol/g (or 25 µmol/L), despite its higher cation exchange capacity (Table 1) . U sorption was almost the same in all the sediments when the spiked U(VI) was about 1 µmol/g. Influence of pH, Carbonate Concentration, and Ionic Strength. U sorption showed strong pH dependence for all the sediments (Figure 5a ). U sorption at lower pH was the same for the pristine sediment regardless of whether the experiment was open or closed to atmospheric CO2. U was strongly sorbed to the sediments above pH 5.5 in closed systems with 0.1 mmol/L HCO3. In the open system, sorption decreased with increasing pH above pH 8. This sorption decrease was due to the increased aqueous uranyl carbonate complexation with increasing pH in equilibrium with atmosphere CO2. Uranium sorption decreased almost linearly from pH 7 to near zero at pH 9 when the carbonate concentration increased to 10 mmol/L in the closed system. Above pH 10, however, sorption increased substantially. Calculations using Minteqa2 (48) and a thermodynamic database compiled from ref 49 indicated that the suspensions were undersaturated with respect to any known uranyl minerals from pH 10 to 11.2. Above pH 11.2, clarkeite (Na2U2O7) was computed to be saturated. U sorption to the bioreduced sediments was not significantly different from the others. U(VI) sorption did not seem to affect the concentration of Fe(II) that was desorbable from the bioreduced sediment (Figure 2) (34) reports that sorbed Fe(II) quantitatively reduces U(VI) with a half-life of a few hours through a surface catalytic mechanism. In contrast, other studies (50-52) report a reverse finding that Fe(III) oxides promote the oxidation of U(IV) to generate sorbed Fe(II) as a reaction product. Our results showed that sediment bioreduction had negligible influence on both U sorption (Figures 4, 5 , and S1) and carbonate extractability (0.2 mol/L NaHCO3) (Figure 3a) . These results indicated that U(VI) reduction by Fe(II) was either nonexistent or a minor process relative to U(VI) adsorption even though significant sorbed Fe(II) existed in the sediments (Figure 2) . The apparent lack of heterogeneous reduction of U(VI) by sorbed Fe(II) might result from carbonate complexation which lowers the half-cell potential of the U(IV)-U(VI) couple. It is also possible that the specific surface coordination environments of Fe(II) and U(VI) in the saprolite sediments were not conducive to heterogeneous redox reaction. Table 2 .
U Sorption Isotherms. U sorption at pH 7.0 ((0.2) increased with increasing U(VI) concentration in all cases
Uranyl was strongly sorbed by the DCB-treated sediments (Figure 6 ). U(VI) sorption (at 26 µmol/L) increased with increasing pH from pH 3.5 and reached plateau above pH 5. The primary sorbents in the DCB-treated sediment were fine-grained phyllosilicates including vermiculite and illite. U(VI) sorption to the DCB-treated sediment was lower than the pristine sediment when the pH was below 5 (at 100 mmol/L NaNO3) ( Figure 6 ) but was comparable to the pristine sediment above this pH. At higher concentration, U(VI) sorption to the DCB-treated sediment was lower than the others at pH 7 (Figure 4) . Decreasing the electrolyte concentration increased U sorption at low pH on the DCB-treated sediment, suggesting the presence of uranyl ion exchange on phyllosilicate fixed charge sites (10) (11) (12) . In contrast, electrolyte concentration change had minimal effect on U(VI) sorption to the pristine sediments, indicating that U(VI) ion exchange was negligible when iron oxides were present.
The similarity of U(VI) sorption to the pristine, bioreduced, and bioreduced-reoxidized sediments suggested that phyllosilicates were an important U(VI) sorbent in the FRC sediment. Moreover, the equivalent sorption properties of the pristine and bioreduced sediments implied a minimal role for Mn(III/IV) oxides as these were completely removed from the bioreduced sediment. However, the decreased U(VI) sorption observed in the DCB-treated sediments under certain conditions indicated that partial Fe(III) dissolution of goethite aggregates during bioreduction is unlikely to have appreciably influenced goethite surface site concentrations.
Modeling of U(VI) Sorption. Two approaches have been used to model U(VI) adsorption to sediments, including the component additivity (CA) and the generalized composite (GC) approaches (18, 20) . The CA approach incorporates surface reactions for individual minerals or sorbent phases (often developed on model mineral phases) that are summed to describe surface complexation behavior of the mineral assemblage. Limited studies have found that U(VI) adsorption to Fe(III)-oxide containing sediments may be described by U(VI) adsorption to only the iron oxide component (18) (19) (20) . The GC approach describes the adsorptive reactivity of sediments using "generic" surface complexation reactions with the stoichiometry and formation constants determined by fitting experimental data.
In this study, we tested three modeling approaches to describe equilibrium U(VI) sorption as a function of pH and carbonate and U concentration. A surface complexation approach was taken because the experimental data implied that sorption resulted from an adsorption reaction. Model 1 was formulated with goethite as the sorbent because it was the dominant Fe(III)-oxide in the sediments (Figure 1) . This model was a one-site, electrostatic triple layer model ( Table  2 ). The surface reactions and their constants were taken from Villalobos et al. (16) . The total surface site concentration was calculated using a goethite surface site density of 0.066 mol sites/mol Fe (16) and the DCB-extractable Fe(III) oxide content in mol Fe(III)/g of sediment (Table 1) . Model 2 was a two-site diffuse layer model based on U(VI) adsorption to ferrihydrite with surface reactions and reaction constants from Waite et al. (15, 20) and Davis (20) . The total surface site concentration was calculated by assuming that all of DCB-extractable iron oxides were ferrihydrite with a site density of 0.875 sites/mol Fe. The strong complexation sites were assumed to represent 0.21% of the total (15) . Model 3 allows U(VI) surface complexation to two generic sorption sites without involving other competitive surface reactions. We used the sorption results at high and low carbonate concentration ( Figure 5 ) to parametrize reaction constants for model 3 that were then applied to the sorption isotherms in Figure 4 for validation. Minor desorption irreversibility and potential reduction of U(VI) in the bioreduced sediments were neglected, that is, all the sorption data in Figures 4 and 5 were used to either estimate the parameters or validate the model. The total surface site concentration for model 3 was calculated using a generic site density of 3.84 µmol/m 2 as suggested by Davis and Kent (53) and a specific surface area for the sediment (Table 1 ). The aqueous species and reactions in Table S1 were included in all of the models. Aqueous species Ca2UO2(CO3)3 was not included in the modeling because of its questionable formation constant (49) and minor effect on U(VI) adsorption in our systems ( Figure S2 in Supporting Information). U sorption to the DCB-treated sediment was not modeled because it required independent characterization of ion-exchange reactions to simulate the effects of ionic strength at lower pH ( Figure 6 ). Furthermore, the global removal of all iron oxides through bioreduction is probably not a realistic scenario.
Both models 1 and 2 reasonably well predicted U adsorption above pH 4.7 in systems with 0.1 mmol/L NaHCO 3 without parameter adjustment (Figure 5a ). The ferrihydrite model provided better predictions of U(VI) adsorption than did the goethite model at high carbonate concentration (Figure 5b ) although goethite was the major Fe(III) oxide in the sediment. This observation was consistent with a previous study where U(VI) adsorption to a Hanford sediment was well described by a ferrihydrite-based model even though the primary Fe(III) oxide was hematite (19) . The experimental results were well described by a GC model (model 3, Figure  5 ) with reaction constants listed in Table 2 . The model was parametrized in two steps. First, the high affinity site concentration and reaction constants for the (SO 2)UO2 complex on both the strong and weak sites were fit to the adsorption data below pH 6 in Figure 5a . Then, the model was used to fit the U adsorption data at high carbonate concentration (Figure 5b ) by adjusting the reaction constants of the ternary uranyl carbonate surface species, (SO 2)UO2CO3 2-, on both the strong and weak surface sites.
Both models 2 and 3 provided good predictions of the adsorption isotherms (Figure 4 ). The goethite model underpredicted the isotherm by a factor of 1.5-8. These results seem to support the GC approach (18, 20) for modeling U adsorption to sediments with complex mineralogy. All three models predicted the observed increase in U(VI) adsorption above pH 10.5 with 10 mmol/L NaHCO 3 (Figure 5b ). The computed adsorption increase resulted from surface site deprotonation that led to the increased sorption of U(VI) as the (SO 2)UO2 surface complex. The precipitation of clarkeite (Na 2U2O7) may have occurred at the highest pH values (e.g., >pH ) 11.2) as the aqueous solution was supersaturated with this phase. Implication to U(VI) Mobility. U(VI) immobilization by metal reducing bacteria or by in situ redox biobarriers involving sorbed or structural Fe(II) has been proposed as a remediation technology for groundwater U(VI) contamination (www.lbl.gov/NABIR). This study has shown, however, that sorbed and biogenic Fe(II) resulting from the activity of dissimilatory metal-reducing bacteria (DMRB) are not reductants for U(VI) in this particular sediment comprised of phyllosilicates and Fe(III) oxides. The adsorption and structural complexes of Fe(II) in this weathered shale saprolite do not exhibit an autocatalytic effect on U(VI) reduction (30) . Direct enzymatic action by DMRB is required to accomplish U(VI) reduction and immobilization in this sediment (e.g., 54, 55, 56) , and remedial approaches should be based on such knowledge.
The uranyl ion persists in pasteurized, bioreduced sediments despite a low redox state imposed by DMRB activity. Lack of appropriate kinetic pathways apparently limit U(VI) reduction. Under these conditions, the solid-liquid distribution of U(VI) is controlled by surface complexation reactions to a complex mineral suite including various phyllosilicates and crystalline Fe(III) oxides dominated by goethite. We unexpectedly found that the bioreduction of ∼50% of the Fe(III) oxide fraction or its reoxidation had no discernible impact on U(VI) adsorption. Absent were apparent competitive effects of sorbed Fe(II) or potential change of site concentration or affinity. This finding leads us to conclude that a single set of adsorption parameters (e.g., site concentration and surface complexation constants) may be appropriate to describe U(VI) solid-liquid distribution in these materials even during a complex remedial action involving biostimulation with later reoxidation. Moreover, a ferrihydrite-based surface complexation model provided reasonably good estimates of U(VI) sorption without parameter adjustment, while a two-site GC model provided the best simulations of U(VI) adsorption and the effects of various experimental parameters when appropriately calibrated.
Supporting Information Available
Additional table and figures. This material is available free of charge via the Internet at http://pubs.acs.org.
Literature Cited
(1) Landa, E. R.; Gray, J. R. US Geological Survey research on the environment fate of uranium mining and milling wastes. 
